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2 Laboratory of Experimental Immunology Ouyang et al. reported that IL-4-producing Stat6/
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Gata3 regulated the expression of a reporter from cells
bearing a transgenic “mini- Il4 locus” (Lee et al., 2001).
Gata3 binding sites were also identified within the pro-Summary
moters of the Il5 and Il13 genes (Siegel et al., 1995;
Kishikawa et al., 2001). Thus, Gata3 appears to play aIL-4 is important in Th2 differentiation and in cell
expansion. Stat6 is necessary and sufficient for both major role in Th2 development.
The differentiation of naive CD4 T cells into polarizedfunctions. Although Gata3 is critical for Th2 polariza-
tion, it is not sufficient to mediate IL-4-driven cell Th2 cells is associated with a substantial degree of cell
growth. In tissue culture models, cells stimulated underexpansion. We report that growth factor independent-1
(Gfi-1), a Stat6-dependent transcriptional repressor, Th2 conditions usually show 3- to 10-fold greater expan-
sion than do cells stimulated under Th1 conditions (Ben-strikingly increases Th2 cell expansion by promoting
proliferation and preventing apoptosis. Cells infected Sasson et al., 2000; Zhu et al., 2001; Grogan et al., 2001).
Activated Stat6 can replace IL-4 in both Th2 polarizationwith a Gfi-1 retrovirus show striking enhancement of
IL-2-induced Stat5 phosphorylation and repression of and expansion of naive CD4 T cells activated by TCR
stimulation (Zhu et al., 2001). Although Gata3 is impor-p27Kip-1 expression, suggesting a potential mechanism
for the Gfi-1 growth effect. The synergy of Gfi-1 and tant for Th2 differentiation, its role in IL-4-driven cell
expansion is unclear. Indeed, Gata3 alone did not seemGata3 provides a mechanism through which IL-4 could
selectively promote Th2 cell expansion. sufficient to promote cell expansion (Farrar et al., 2001).
To identify candidate gene(s) that might play a role
in IL-4-driven cell expansion, microarray analysis wasIntroduction
performed comparing activated CD4 T cells stimulated
by IL-4 to those unstimulated. Here, we report thatIL-4 plays a key role in the polarization of naive CD4 T
cells to the Th2 phenotype. It mediates this function by growth factor independent-1 (Gfi-1) is dramatically in-
duced by IL-4 and that this induction is Stat6 dependent.binding to its heterodimeric receptor, consisting of IL-
4R and c, leading to the phosphorylation of IL-4R Gfi-1 had been initially cloned based on its ability to
confer growth factor-independent growth/survival on anand of signaling intermediates, including Stat6 (for re-
views see Nelms et al., 1999; Murphy et al., 2000). CD4 IL-2-dependent T cell line (Gilks et al., 1993). This sug-
gested that it might play a role in IL-4-mediated cellT cells from Stat6-deficient mice have a significant de-
fect in Th2 polarization (Kaplan et al., 1996; Shimoda et growth during Th2 polarization. Indeed, data to be pre-
sented here show that prolonged Gfi-1 expression in-al., 1996; Takeda et al., 1996). Activated Stat6 can re-
place IL-4 for Th2 polarization (Kurata et al., 1999; Zhu duced by retroviral infection promotes Th2 cell prolifera-
tion. Gata3 is a cofactor of Gfi-1 in this process. Theet al., 2001).
Priming naive cells with IL-4 results in the upregulation capacity of Gfi-1 to preferentially drive proliferation of
Gata3-expressing cells suggests it could act as a Th2-of Gata3 (Grogan et al., 2001; Zhu et al., 2001). Ectopic
Gata3 expression in cells stimulated through their TCRs specific selection factor.
induces the capacity to produce Th2 cytokines (Ouyang
et al., 1998, 2000). The degree of IL-4-mediated en- Results
hancement of Gata3 is considerably reduced in Stat6/
cells (Grogan et al., 2001). These results suggest that Active Stat6 but Not Gata3 Promotes Cell Expansion
Gata3 is “downstream” of Stat6. Naive CD4 T cells primed in the presence of IL-4 differ-
Stat6-independent Th2 development can also occur. entiate into Th2 cells and show striking cellular expan-
Naive CD4 T cells from Stat6/ mice developed, at a sion. Active Stat6 is necessary and sufficient for both
IL-4-driven Th2 polarization and expansion of cells stim-
ulated with anti-CD3 and anti-CD28 (Zhu et al., 2001).4 Correspondence: jfzhu@niaid.nih.gov
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Figure 1. Gata3 Is Not Sufficient to Mediate IL-4-Driven Stat6-Dependent Cell Expansion
Naive BALB/c CD4 T cells were activated with T-depleted spleen as APC under ThN conditions for 40 hr, infected with RVs containing Stat6-
VT, Gata3, or GFP-only. After an additional 3 day culture under ThN conditions, the infection rate was measured by FACS analysis, and cells
were washed and cultured in IL-2 for 3 days. The cells were then subjected to a second round of priming under ThN or Th2 conditions. Four
days later, the frequency of GFP cells was measured by FACS, and the relative cell expansion under ThN conditions (A) was calculated as
follows: RE  ([percentage of GFP cells after culture]/[percentage of GFP cells after infection])/([percentage of GFP cells after culture]/
[percentage of GFP cells after infection]) (indicated as GFP/GFP). Intracellular staining for IL-4 production (B) was carried out after 6 hr
immobilized anti-CD3 and anti-CD28 stimulation.
Gata3’s role in promoting cell expansion has not been producing capacity, it does not by itself promote cell
expansion. This suggests that other gene(s) induced bystudied in detail. To address this, purified naive CD4
T cells were activated in the presence of T-depleted IL-4 activation of Stat6 may be involved in IL-4-mediated
T cell expansion.splenocytes with soluble anti-CD3/anti-CD28 plus IL-2,
anti-IL-4, anti-IL-12, and anti-IFN (Th null [ThN] condi-
tions), infected with retroviruses (RVs) containing consti- Gfi-1 Is Induced by IL-4 in Activated CD4 T Cells
To identify the gene(s) that might be involved in IL-tutively active Stat6 (Stat6-VT) or Gata3 or only GFP (all
these RVs contain the GFP gene as an infection marker) 4-driven CD4 cell expansion, microarray analysis was
performed. Since IL-4 by itself does not cause naiveand stimulated under ThN culture conditions for 3 addi-
tional days. The cells were then placed into IL-2 and the CD4 T cells to grow, we used freshly activated CD4 T
cells in order to identify candidate growth-related genes.percentage of GFP cells determined by FACS. After 3
days in IL-2, the cells were subjected to a second round Purified CD4 T cells from BALB/c or Stat6/ mice were
stimulated with immobilized anti-CD3/anti-CD28 underof priming under ThN conditions and, after 4 days,
placed in IL-2-containing medium. The relative expan- ThN conditions for 24 hr. The cells were then stimulated
with or without IL-4, in the presence of anti-IL-12 andsion (RE) of GFP compared to GFP cells from the time
of infection (“after infection”) to the end of the second anti-IFN, for 2 hr, when total RNA was prepared. Using
cDNA microarrays, 50 mRNAs, including IL-4R,round of priming (“after culture”) was calculated as fol-
lows: RE  ([percentage of GFP cells after culture]/ showed2-fold induction by IL-4 in two replicate analy-
ses. Twelve potentially interesting genes were chosen[percentage of GFP cells after infection])/([percentage
of GFP cells after culture]/[percentage of GFP cells for further study. The IL-4 inducibility of five known
genes and one EST in this group was verified by semi-after infection]). Cells infected with the Stat6-VT-RV had
an RE of 5.1 (Figure 1A). By contrast, cells infected with quantitative RT-PCR: IL-4R, cytokine-inducible SH2-
containing protein (CIS), CD44, and pleiomorphic ade-the Gata3-RV had an RE of 1.4, very similar to that of
cells expressing only GFP (RE  1.1). noma gene-like 2 (PLAGL2), a zinc finger protein,
showed 2- to 3-fold induction by IL-4. Gfi-1 andThese cells were also stimulated with plate-bound
anti-CD3 and anti-CD28 to analyze cytokine expression EST(AA261222) showed 10-fold induction by IL-4.
Each of these genes failed to be induced by IL-4 in CD4(Figure 1B). Among the GFP cells from the Stat6-VT-
RV- or the Gata3-RV-infected groups, some were able T cells from Stat6/ mice (data not shown).
Since Gfi-1 has been reported to play an importantto produce IL-4 (32% and 8.3%, respectively), but the
GFP cells from the same cultures failed to do so (0.9% role in promoting cell proliferation and in preventing
apoptosis (Gilks et al., 1993; Grimes et al., 1996a), itsand 0.8%). As controls, we found that very few cells
that had been infected with the GFP-only-RV expressed induction by IL-4 was studied in detail. In CD4 T cells
that had been activated by 24 hr stimulation with anti-IL-4 (0.3% for GFP, 0.7% for GFP). However, cells
infected with the GFP-only-RV that had been placed CD3, anti-CD28, and anti-IL-4, Gfi-1 mRNA is induced
10-fold by 2 hr IL-4 stimulation. When Stat6/ cellsunder Th2 priming conditions during the second round
of stimulation showed significant and comparable prim- were used in a similar experiment, IL-4 failed to increase
Gfi-1 mRNA expression (Figure 2A).ing for IL-4 production (26% IL-4 cells for GFP, 27%
for GFP). Thus, although enforced Gata3 expression Gfi-1 mRNA is transiently induced by 4 hr stimulation
with anti-CD3 and anti-CD28 stimulation in naive CD4induces TCR-stimulated CD4 T cells to acquire IL-4-
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Figure 2. Gfi-1 Expression Induced by IL-4 in Activated CD4 T Cells Is Stat6 Dependent
Naive BALB/c or Stat6/ CD4 T cells were activated by plate-bound anti-CD3 and anti-CD28 under ThN conditions for 24 hr (A and D). Cells
were then stimulated with IL-4 or other cytokines including IL-2, 6, 7, 12, 15, and IFN for 2 hr. In (B) and (C), naive BALB/c CD4 T cells were
activated by plate-bound anti-CD3 and anti-CD28 under ThN or Th2 conditions for various times. Semiquantitative RT-PCR (A and B), Western
blotting (C), or real-time PCR (D) for Gfi-1 expression was carried out.
T cells (data not shown). This is similar to the induction Infection with Gfi-1-RV Leads to Cell Expansion
To test whether persistent Gfi-1 expression could en-of Gfi-1 by ConA in spleen cells (Gilks et al., 1993; Kar-
sunky et al., 2002). IL-4, alone, fails to induce Gfi-1 in hance cell expansion, CD4 T cells were activated and
cultured under ThN conditions. They were infected withresting naive T cells (data not shown). After 24 hr of
TCR-mediated activation, cells that had received IL-4 RV containing Stat6-VT, Gfi-1, or GFP-only. The effi-
ciency of infection was usually 5–10%. After infectionexpressed 3- to 5-fold more Gfi-1 than cells that had
not (Figure 2B). This difference persisted at 48 hr, but by and culture in IL-2 medium, the percentage of GFP
cells after various times was measured by FACS. One96 hr, Gfi-1 expression was indistinguishable between
these two groups. There was no detectable Gfi-1 protein representive result from three independent experiments
is shown (Figure 3A). In the cell population infected within naive CD4 T cells (Figure 2C). TCR stimulation for 24
hr induced similar levels of Gfi-1 expression under both the GFP-only-RV, RE was slightly above 1 throughout
the experiment and was 1.6 on day 36. In the cell popula-ThN and Th2 conditions. Gfi-1 protein levels fell after
48 hr under ThN conditions, whereas the levels were tion infected with the Stat6-VT-RV, RE increased with
time, reaching 3.4 on day 36; infection with the Gfi-1-sustained under Th2 conditions until 72 hr. The delay in
Gfi-1 protein expression compared to mRNA levels is RV resulted in a progressively increasing RE that
reached 6.0 on day 36. The greater RE of cells express-consistent with the results of Karsunky et al. (2002).
Twenty-four hour activated CD4 T cells were treated ing Gfi-1, compared to those expressing Stat6-VT, could
be explained in part by the transient inducibility of Gfi-1with various cytokines. IL-4, but not IL-2, IL-6, IL-7, IL-
12, IL-15, or IFN, induced Gfi-1 mRNA. The degree of expression in response to IL-4 stimulation. Prolonging
Gfi-1 expression by RV infection in cells cultured underinduction by IL-4 was 8-fold as determined by real-
time PCR (Figure 2D). These results suggest that Gfi-1 Th2 conditions may result in greater expansion than in
noninfected Th2 cells.may play a role in the expansion of developing Th2 cells
and may account for the observed growth advantage Indeed, persistent Gfi-1 expression, as achieved by
infection with the Gfi-1-RV, promotes cell expansion ofshown by developing Th2 cells over developing Th1 and
ThN cells. Th2 cells. One representive result from four independent
Immunity
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Figure 3. Retroviral Introduction of Gfi-1 Causes Dramatic Th2 Cell Expansion
Naive BALB/c CD4 T cells were activated with irradiated T-depleted spleen cells as APC under Th1, ThN, or Th2 conditions for 40 hr, infected
with RVs containing Stat6-VT, Gfi-1, Gfi-1(P2A), or GFP-only. After 3 additional days under the same conditions, cells were washed and
cultured in IL-2. Fresh medium was supplied every 3–4 days. The infection rate was measured by FACS analysis 24 hr after infection. The
percentage of GFP cells was determined at various times during culture with IL-2 and RE (indicated as GFP/GFP) was calculated.
experiments is shown in Figure 3B. Naive CD4 cells, Gfi-1-, with the mutant Gfi-1-(P2A)-, and with the GFP-
only- RV. Cells infected with the mutant Gfi-1-(P2A)-RVcultured under ThN, Th1, or Th2 conditions, were in-
fected with the Gfi-1-RV. After a 5 day period of culture performed no better than cells expressing the GFP-only-
RV (Figure 3C). This indicates that Gfi-1 requires theunder these conditions, the cells were then grown in
IL-2. After 20 days in IL-2, the RE in the Th2 cell popula- SNAG domain to promote cell expansion in Th2 cells
and suggests that Gfi-1-mediated transcriptional re-tion infected with the Gfi-1-RV was 20.1, and the total
cell number had expanded 6.9-fold, indicating that the pression is important for enhanced growth of Th2 cells.
Gfi-1-expressing cells had expanded 46.5-fold over this
period of time. When cultured under ThN conditions, RE Gfi-1 Prevents Apoptosis and Promotes Cell
Proliferation in Th2 Cellswas 4.6 at day 20, quite consistent with the results in
the experiment shown in Figure 3A. The cell population After infection and culture in IL-2 for 2 days, Annexin-V
staining was carried out to assess the percentage ofhad expanded only 1.2-fold so that the Gfi-1-expressing
cells had expanded 4.1-fold during this period. When apoptotic cells. One representive result from four inde-
pendent experiments is shown in Figure 4A. Cells primedcultured under Th1 conditions, RE on day 20 was 0.9
and the cells had expanded 1.8-fold, yielding an expan- under ThN conditions had a somewhat higher frequency
of Annexin-V cells than cells primed under Th2 condi-sion of the Gfi-1-expressing cells of 1.6. These results
indicate that although persistent Gfi-1 expression plays tions, 35% versus 25%. When cultured under ThN
conditions, the frequency of Annexin-V cells was es-a role in expansion of primed CD4 cells, it needs a
cofactor which is present in Th2 cells and to a lesser sentially the same among GFP and GFP cells from
populations infected with the Gfi-1-RV or with the GFP-extent in ThN cells. Alternatively, Th1 cells may express
an inhibitor, blocking its function. only-RV. However, in cell populations cultured under
Th2 conditions, the GFP cells from the Gfi-1-RV-Gfi-1 is a transcriptional repressor; it contains an
N-terminal SNAG (Snail/Gfi-1) repressor domain (Grimes infected population had a significantly lower percentage
of Annexin-V cells (11%) than did the GFP cells (26%),et al., 1996b). A point mutation in the SNAG domain
(P2A) disables repressor function. We infected CD4 T whereas the GFP and GFP cells from the population
infected with the GFP-only-RV had essentially the samecells primed under Th2 conditions with the wild-type
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Figure 4. Prolonged Gfi-1 Expression in Th2 Cells Diminishes Apoptosis
Naive BALB/c CD4 T cells were activated and infected with Gfi-1 or GFP-only-RVs under Th2 conditions. (A) Apoptosis was measured by
annexin-V staining after 2 days of culture in IL-2. (B) Cells were sorted after 7 days of culture in IL-2; RPA was performed using the multiprobe
template set mAPO-2 from PharMingen.
frequency of Annexin V cells. This implies that Gfi-1 NGFR-only-RV-infected populations. In the population
labeled with CFSE 7 days after transfer to IL-2, no furtherplays a role in limiting apoptosis in the cells primed
under Th2 conditions. cell division occurred in the populations infected with
the Gata3- or the NGFR-only-RVs; by contrast, the popu-An RNase protection assay (RPA) followed by a den-
sity scan was performed. After normalization based on lation infected with the Gfi-1-RV contained cells that
divided multiple times. However, even this populationGAPDH or L32, there was a significantly higher degree
of Bcl-XL mRNA expression (3- to 5-fold) in the GFP was dividing less vigorously 7 days after transfer to IL-2
than it had 2 days after transfer to IL-2, suggesting thatpopulation (Figure 4B, lane 3) from Gfi-1-RV-infected
Th2 cells than in GFP cells from the same culture (lane the persistent expression of Gfi-1 can substantially but
not indefinitely prolong the period when cells stimulated2) and cells infected with the GFP-only-RV (lanes 1 and
4). Bcl-2 also showed 2-fold increase, and other Bcl through their TCR are capable of being driven to prolifer-
ate by IL-2. Indeed, when the same experiments werefamily genes showed less induction.
As shown in Figures 3B and 3C, Gfi-1-RV-infected performed in the absence of IL-2, no cell proliferation
was observed in Gfi-1-infected cells (data not shown).cells grown under Th2 conditions expanded 5- to 10-
fold in the first week of culture in IL-2. That means that BrdU incorporation experiments showed that Gfi-1-RV-
infected cells had higher percentage of BrdU positivein addition to preventing apoptosis, Gfi-1 must play a
substantial role in promoting cell proliferation. To di- cells than did cells infected with the GFP-only-RV (data
not shown).rectly assess proliferation in cells expressing persistent
Gfi-1, we primed cells under Th2 conditions and infected Consistent with this evidence for Gfi-1 enhancement
of cellular proliferation, the GFP population from Gfi-them with RVs bearing NGFR rather than GFP as a
marker of infection. The retroviruses used were a Gfi- 1-RV-infected Th2 cells (Figure 5B, lane 4) express 10-
fold higher levels of cyclin A2 and 2-fold higher CDK21-RV, a Gata-3-RV, and an NGFR-only-RV. After culture
under Th2 conditions for 3 additional days following mRNA than did GFP cells from the same culture (lane
3) and cells infected with the GFP-only-RVs, as deter-infection, the cells were transferred to IL-2-containing
culture medium. Two or seven days later, the popula- mined by RPA followed by density scan and normaliza-
tion to GAPDH and L32 expression.tions were labeled with CFSE, and the pattern of CFSE
fluorescence, as a marker of cell proliferation, was as- IL-4-mediated inhibition of p27Kip1 expression was re-
ported to be Stat6 dependent (Kaplan et al., 1998). Tosessed in the NGFR cells 7 days later. In the popula-
tions labeled after 2 days in IL-2, those infected with address the role of Gfi-1 in inhibiting p27Kip1, Gfi-1-
infected cells were purified by cell sorting. Retroviraleach of the RVs contained cells that had divided up to
six times (Figure 5A). The proportion of cells in the 5- transduced cells expressed amounts of Gfi-1 similar to
that of 48 hr TCR-stimulated Th2 cells. There were signif-and 6-division peaks was substantially higher in the Gfi-
1-RV-infected population than in either the Gata3-RV- or icantly lower levels of p27Kip1 in Gfi-1-expressing cells
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Figure 5. Prolonged Gfi-1 Expression in Th2 Cells Promotes Cell Proliferation
Naive BALB/c CD4 T cells were activated under Th2 conditions and infected with various retroviruses. Cells were labeled with CFSE after 2
day (upper panel) or 7 day (lower panel) culture in IL-2. Data was collected 7 days later (A). Cells were sorted after 7 days (B) or 10 days (C
and D) of culture in IL-2.
(B) RPA was performed using multiprobe template sets mCYC-1 and mCC-1 from PharMingen.
(C) Sorted cells were lysed and a Western blot for Gfi-1 was performed. The blot was then stripped and reprobed with anti-p27Kip1. Cells
cultured under ThN or Th2 conditions for 48 hr were included as controls.
(D) Sorted cells were cultured in IL-2 free medium for 4 hr and stimulated with IL-2 (100 U/ml) for 20 min. Lysates were immunoprecipatated
with anti-Stat5A and Stat5B. The blot was probed with anti-phospho-Tyr (4G10), stripped, and reprobed with anti-Stat5A and anti-Stat5B.
than in Gfi-1-nonexpressing cells (Figure 5C). These re- slightly higher expression of CD25 (IL-2R) in Gfi-1-
expressing cells than in nonexpressing cells (data notsults suggest that Gfi-1 may promote cell proliferation
through repressing p27Kip1 expression in CD4 T cells. shown).
After priming and infecting cells with Gfi-1 under Th2
conditions followed by a 10 day culture in IL-2, GFP Infection with Gfi-1-RV Results in Persistence
of an “Activated” Cell Morphologyand GFP cells were sorted and cultured in IL-2 free
medium for 4 hr. IL-2 was added for 20 min. A dramatic The measurement of cell proliferation by CFSE staining
indicated that a considerable proportion of Gfi-1-RV-enhancement of Stat5 phosphorylation was observed in
Gfi-1-expressing cells (Figure 5D). The enhanced Stat5 infected Th2 cells retain an activated phenotype for at
least 7 days after removal from TCR signaling. Indeed,signaling was also observed in Gfi-1-RV-infected cells
compared to that in GFP-RV infected cells (data not by this time, essentially all GFP cells from Th2 cells
infected with the Gfi-RV had become small and round,shown). Since Stat5 has been shown to be critical for
T cell proliferation and survival in response to IL-2 (Mo- whereas many of the GFP cells from the same culture
still had a spreading phenotype (Figure 6A). The Gfi-1-riggl et al., 1999), at least a portion of Gfi-1’s capacity
to enhance growth of Th2 cells may be mediated by expressing cells had significantly higher levels of CD69
expression and slightly higher levels of CD25 than theenhancing the IL-2/Stat5 signaling pathway. The en-
hanced IL-2/Stat5 signaling may due, in part, to the GFP cells (data not shown). These results imply that
Gfi-1 Induced by IL-4 Regulates Th2 Cell Expansion
739
Figure 6. Gata3 Is a Cofactor of Gfi-1 in Promoting Cell Expansion
(A) Sorted cells from Gfi-1-infected Th2 cells described in Figure 5B were photographed on an Axiophot microscope.
(B) Naive BALB/c CD4 T cells were activated and coinfected under ThN conditions with two retroviruses containing different markers. Staining
for NGFR expression was carried out on day 0 and day 8 of culture in IL-2, and NGFR and GFP expression are shown.
(C) Forward and side scatter profiles on four different “gated” populations of cells on day 8.
(D) Naive 5C.C7 CD4 T cells were labeled with CFSE and activated with 10 nM cytochrome C peptide under Th2 conditions with T-depleted
spleen as APC for 3 days. Cells that had not divided and cells that had divided four times were sorted based on CFSE intensity. RT-PCR for
Gfi-1 and Gata3 expression was performed.
Gfi-1 has an important function in maintaining T cell RV/NGFR-only-RV-infected group were double-positive
(lower middle panel), a relative expansion of 2.6. Thisactivation.
degree of difference is very similar to that between Th2
and ThN cells infected with the Gfi-1-RV as shown inCoinfection with Gfi-1- and Gata3-RV Causes Rapid
Figure 3B. In addition, only the Gfi-1-RV/Gata3-RV dou-Cell Expansion
ble-positive cells displayed the forward and side scatterSince persistent Gfi-1 expression preferentially causes
patterns typical of activated cells (Figure 6C). Similarcellular expansion in Th2 cells, a possible cofactor for
results were obtained from three independent experi-its effects would be Gata3. To test this, we cultured
ments. The synergistic effect of Gata3 and Gfi-1 wasnaive CD4 cells under ThN conditions and infected them
also observed in Stat6/ cells (data not shown). Thus,with a Gfi-1-RV and a Gata3-RV, using viruses con-
Gata3 or a Gata3-inducible protein is a major cofactortaining GFP and NGFR, respectively, as distinguishable
of Gfi-1 in promoting expansion of stimulated CD4 Tmarker genes. After the priming and infection, cells were
cells.cultured in IL-2, and the expression of Gfi-1 and Gata3
was assessed by GFP expression and NGFR staining,
respectively (Figure 6B, upper right panel). 7.6% of total Gata3 Expression in Dividing Cells Is Higher Than in
Cells that Failed to Divide in the Same Th2 Culturecells were double-positive, implying they had been in-
fected with both RVs. In a control in which ThN cells Thus far, we have shown that persistent expression of
Gfi-1, achieved by infection with a Gfi-1-RV, can strik-were infected with Gfi-1-RV and NGFR-only-RV, 3.6%
of the cells were double-positive cells (upper middle ingly enhance growth of Th2 cells or of Gata3-express-
ing cells. To ask whether Gfi-1 and Gata3 induced bypanel). When the cells were stained 8 days later, 56% of
cells from the Gfi-1-RV/Gata3-RV-infected group were TCR engagement and IL-4 play a role in cell proliferation,
we compared levels of Gfi-1 and Gata3 expression indouble-positive (lower right panel), a relative expansion
of 15.4. By contrast, 9% of the cells from the Gfi-1- cells that had or had not divided in response to stimula-
Immunity
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Figure 7. Gfi-1 Is Not Sufficient for Th2 Polarization
(A) Naive BALB/c CD4 T cells were activated and infected under ThN conditions. GFP cells were sorted and subjected to a second round
of stimulation under ThN conditions. Intracellular staining for IL-4 was carried out after 6 hr stimulation with plate-bound anti-CD3 and anti-
CD28.
(B) Diagram of IL-4-mediated effects in CD4 T cells during T cell activation.
tion with their cognate antigen. Naive CD4 T cells from Discussion
mice expressing transgenes specifying a TCR specific
for a cytochrome C peptide in association with I-Ek IL-4 has been shown to play a key role in in vitro Th2
differentiation. IL-4/IL-4R/Stat6/Gata3 is an important(5C.C7 mice) were labeled with CFSE. After 3 days of
stimulation under Th2 conditions in the presence of 10 pathway for this process (Nelms et al., 1999; Murphy et
al., 2000). In addition to promoting Th2 differentiation,nM cytochrome C peptide, cells that had not divided
and cells that had divided four times were purified by IL-4 also induces cell proliferation. Our previous data
showed that Stat6 is not only necessary but also suffi-cell sorting, based on their intensity of staining by CFSE.
RT-PCR for Gfi-1 and Gata3 expression showed that cient to mediate both IL-4 functions in naive CD4 T cells
(Zhu et al., 2001). However, Gata3 itself is not sufficientthe cells that had divided four times had essentially
same amount of Gfi-1 but10-fold higher Gata3 expres- for cell proliferation (Farrar et al., 2001; Figure 1A). In
this report, we found that an IL-4-inducible, Stat6-sion than did the cells that had failed to divide (Figure
6D). Both cell populations had responded to stimulation dependent, immediate-early gene, Gfi-1, can strikingly
promote proliferation of Th2 cells and of ThN cells ex-through their TCR as they showed similar increases in
expression of CD44 and CD69 (data not shown). pressing Gata3. If IL-4 is present during T cell activation,
high-level expression of Gfi-1 is prolonged. Further pro-
longation of Gfi-1 expression by RV infection resultsGfi-1 Is Not Sufficient to Drive Th2 Polarization
To assess whether Gfi-1, by itself, played a role in prim- in substantially greater cell proliferation. These results
strongly suggest that Gfi-1 plays a major role in IL-4-ing naive CD4 T cells to become Th2 cells, cells were
primed under ThN conditions and infected with Gfi-1- driven CD4 T cell proliferation.
Most interestingly, Gfi-1 cooperates with Gata3. ThisRV, Gata3-RV, Stat6-VT-RV, or GFP-only-RV. The GFP
cells were purified by cell sorting and were subjected has been demonstrated by Gfi-1 infection under ThN,
Th1, or Th2 conditions. Under Th1 conditions, whereto a second round of priming under ThN conditions.
When stimulated with plate-bound anti-CD3/anti-CD28 Gata3 is not expressed (Zheng and Flavell, 1997), pro-
longed Gfi-1 expression has no effect on cell expansion.for 6 hr, 4.5% of Gfi-1-RV-infected cells were IL-4,
only slightly more than the 2.0% in the cell population The effect of Gfi-1 on cells primed under ThN conditions
may be explained by residual Gata3 expression in theseinfected with the GFP-only-RV (Figure 7A). By contrast,
the cell populations infected with the Gata3-RV and the cells (Zheng and Flavell, 1997). Indeed, results from coin-
fection of Gfi-1 and Gata3 confirm the joint action ofStat6-VT-RV contained 13.5% and 24.9% IL-4 cells,
respectively. Thus, Gfi-1 itself does not replace IL-4 in these two factors and explain the different effects of
Gfi-1 expression observed in ThN and Th2 cells. Further-directing Th2 polarization. However, it is interesting that
the Stat6-VT-RV-infected cells generally have a higher more, we showed that the expression level of Gata3 in
dividing, noninfected cells primed under Th2 conditionsproportion and greater mean fluorescence intensity
(MFI) of IL-4 cells than do the Gata3-RV-infected popu- is much higher than that in cells from same Th2 culture
that had not divided, although activation markers andlations, suggesting that Gata3 itself, while able to induce
Th2 differentiation, may require a cofactor for full in- Gfi-1 expression implied that both populations had been
stimulated through TCR and IL-4. Gfi-1 may cooperateduction.
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with other factors in mediating cell growth. This is sug- would allow the cells to survive independent of IL-2
(Gilks et al., 1993). In our experiments, Gfi-1-RV-infectedgested by the observation that Gfi-1 cooperates with
c-myc and pim-1 in T cell lyphomagenesis (Schmidt et cells still required IL-2 in order to expand. Indeed, when
Gfi-1 was introduced into the IL-2-dependent rat T cellal., 1998). Many of these tumors overexpress Gfi-1 as
well as myc and pim gene family members. Here, we line in the previous study, not all Gfi-1-expressing cells
became IL-2 independent, but IL-2-independent sub-report that Gata3 can also act as a cofactor of Gfi-1.
We argue that this provides a mechanism for a Gfi-1- clones could be selected from those cells (Gilks et al.,
1993). Thus, Gfi-1 by itself may not be sufficient to makerole in the proliferation of normal Th2 cells.
Gfi-1 by itself did not cause stimulated CD4 T cells those cells independent of IL-2, but overexpression of
Gfi-1 may have provided the cells the opportunity toto become Th2 cells (Figure 7A). Gata3 is a major factor
for Th2 polarization, but it seems that the full induction undergo further changes that rendered them fully growth
factor independent and tumorigenic. In our study, weof IL-4 production, in terms of percentage of IL-4-pro-
ducing cells and the mean fluorescence intensity (MFI), found that the T cells are hyperresponsive to IL-2 in
the presence of Gfi-1, suggesting that prolonged Gfi-1needs another Stat6-dependent gene (Figure 1B and
Figure 7A). Since Gfi-1 and Gata3 have synergistic ef- expression allows activated T cells to proliferate in re-
sponse to IL-2 for a prolonged period of time. It mayfects on cell expansion, we also tested Gfi-1’s role in
IL-4 production together with Gata3. The percentage of also provide a possible mechanism for activated T cells
to proliferate in response to IL-2, since Gfi-1 is tran-IL-4-producing cells substantially increased in Gfi-1 and
Gata3 double-infected cells compared to Gata3-only- siently upregulated by TCR engagement even without
IL-4.infected cells (data not shown). However, Gfi-1 is not
likely to be the missing factor for full induction of IL-4 Gfi-1 has been reported to enhance IL-6/Stat3 signal-
ing through interacting with the Stat3 inhibitor PIAS3since the mean fluorescence intensity (MFI) of IL-4 was
still lower in Gfi-1/Gata3-infected cells than in Th2 cells (Rodel et al., 2000). However, we observed no difference
in Gfi-1-driven cell expansion either by neutralizing IL-6or Stat6-VT-infected cells. The enhanced percentage of
IL-4-producing cells could be explained by selection of or adding exogenous IL-6. In addition, the SNAG domain
of Gfi-1, which is important in our system, seems toGata3 high-expressing cells by Gfi-1. Alternatively, the
high Gata3-expressing cells had undergone several be unnecessary for Gfi-1 to bind PIAS3. Thus, Th2 cell
proliferation driven by Gfi-1 is not through amplifyingmore divisions; the increased number of cell divisions
may have contributed to the increased percentage of endogenous IL-6-derived signals.
Gfi-1 is a transcriptional repressor (Grimes et al.,IL-4-producing cells. Thus, during Th2 differentiation, at
least two Stat6-dependent pathways, one mainly medi- 1996b). In our experiments, a single mutation in the
repressive domain impaired Gfi-1 function, suggestingated by Gata3 and the other jointly mediated by Gfi-1
and Gata3, could explain IL-4-induced Th2 differentia- that Gfi-1 promotes CD4 T cell proliferation and prevents
apoptosis probably by inhibiting transcription of genestion and cell expansion (Figure 7B).
Both Gfi-1 and Gata3 have been associated with the that normally diminish cell survival and growth. Gfi-1
overexpression has been reported to inhibit expressioninduction of lymphoid and nonlymphoid tumors in mice
and humans. The Gfi-1 locus is a common proviral inser- of the proapoptotic Bcl-2 family members Bax and Bak
in thymocytes (Grimes et al., 1996a). However, in CD4tion site in murine leukemia virus-induced lymphomas
of c-myc and pim-1 transgenic mice (van Lohuizen et T cells, we did not observe downregulation of Bax and
Bak but rather found upregulation of Bcl-XL and Bcl-2,al., 1991; Zornig et al., 1996; Scheijen et al., 1997). Hu-
man Gfi-1 has been mapped to chromosome region two antiapoptotic Bcl-2 family members. Thus, Gfi-1
may exert its function through different mechanisms in1p22 (Bell et al., 1995). A translocation involving this
chromosomal region has been found in some patients different cell types. Since Bcl-XL is a direct target for
Stat5 (Socolovsky et al., 1999), we speculate that Bcl-with neuroblastoma, acute lymphoblastic leukemia,
acute nonlymphocytic leukemia, salivary gland adeno- XL upregulation in Gfi-1-expressing cells may be through
enhancement of the IL-2/Stat5 signaling pathway. IL-4-mas, and Stargards disease (Roberts and Cowell, 1997),
suggesting a role for Gfi-1 expression in these malignan- mediated inhibition of p27Kip1 expression has been
shown to be Stat6 dependent (Kaplan et al., 1998). In-cies. Gfi-1 has also been reported to be elevated in
HTLV-I-transformed T cells (Sakai et al., 2001). Indeed, deed, p27Kip1 expression was found to be substantially
lower in Gfi-1-expressing cells than in nonexpressingour experiments showed that forced Gfi-1 expression
allows prolonged Th2 cell expansion, which could lead cells (Figure 5C). By searching the p27Kip1 promoter re-
gion, we found several Gfi-1 binding sites. Thus, directto Th2-mediated allergic inflammatory diseases. Gata3
has also been found overexpressed in some tumors, inhibition of p27Kip1 expression by Gfi-1 may provide
another mechanism for Stat6-dependent cell prolifera-including breast carcinoma cells (Hoch et al., 1999) and
esophageal carcinoma cells (Shiga et al., 1993). Recent tion, although we cannot rule out that this inhibition is
not due to enhanced IL-2 signaling.reports showed that Gata3 plays a role in T cell acute
lymphoblastic leukemia (T-ALL) (Ono et al., 1998) and Although IL-4 and IL-12/IFN are critical cytokines for
Th2 and Th1 differentiation, respectively, whether thosethat enforced expression of Gata3 induces thymic lym-
phoma (Nawijn et al., 2001). Thus, it seems likely that cytokines determine the differentiation fate of the cells
or selectively stimulate the outgrowth of cells that haveboth Gfi-1 and Gata3 expression are normally under a
high degree of regulation; their joint overexpression may stochastically committed to the Th2 or Th1 phenotypes
is still controversial. Murphy and colleagues have ar-be particularly dangerous.
Gfi-1 was first cloned by using an IL-2-dependent rat gued for an instructive model for Th2 differentiation
based on retroviral introduction of Gata3 into activatedT cell line to screen for provirally inserted genes that
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Preparation of Retroviral ConstructsStat6/ CD4 T cells leading to Th2 differentiation (Farrar
A retroviral vector, containing an internal ribosomal entry sequenceet al., 2001). On the other hand, Reiner and colleagues
(IRES) and humanized GFP cDNA (GFP-RV), and Gata3-RV were(Mullen et al., 2001) have argued that IL-12 does not
provided by Dr. K.M. Murphy, Washington University, St. Louis. The
induce the major Th1 transcription factor, T-bet (Szabo XbaI/BamHI fragment from the plasmid pBSK-Gfi-1 was transferred
et al., 2000), and favor a selective model for Th1 differen- to the pEPS XbaI/BglII sites, released with SalI/XhoI, and cloned
into the GFP-RV XhoI site as Gfi-1-RV. The BglII fragment of Gfi-1-tiation. The selective outgrowth of Gata3-expressing
RV was replaced by the BglII fragment from MSCV-Gfi-1(P2A) tocells in the presence of Gfi-1, an IL-4 inducible protein,
make the retrovirus vector P2A-RV containing the Gfi-1 mutant.provides a mechanism through which cells that stochas-
Stat6-VT-RV was previously described (Zhu et al., 2001). MSCV-tically express Gata3 could come to dominate a culture
IRES-tNGFR (NGFR-RV) was provided by Dr. W.C. Sha, University
in the presence of IL-4. The relative degree of IL-4- of California, Berkeley. The SpeI/NcoI fragment from the Gfi-1-RV
induced and stochastic Gata3 expression can determine was cloned into the SpeI/NcoI site of the NGFR-RV to make Gfi-1-
NGFR-RV. The BglII/SalI fragment from the Gata3-RV was clonedthe balance of instruction and selection; both IL-4-
into the BglII/SalI site of NGFR-RV to make Gata3-NGFR-RV. Retro-induced Gata3-expressing cells and cells stochastically
viruses were packaged in the Phoenix-Eco packaging cell linesexpressing Gata3 would have equal Gfi-1-mediated
(kindly provided by Dr. G. Nolan, Stanford, CA) as previously de-growth advantages in the presence of IL-4 (Figure 7B).
scribed (Zhu et al., 2001). Purified naive CD4 T cells (5  105 ) were
activated with anti-CD3 and APCs in six-well plates under ThN, Th1,
Experimental Procedures or Th2 conditions in 5 ml of medium and infected with retroviruses
as previously described (Zhu et al., 2001).
Mice and Cell Culture
Eight- to twelve-week-old BALB/c mice were obtained from Freder-
ick Cancer Research Center. Stat6/ BALB/c mice were originally Flow Cytometry Analysis and Intracellular Staining
obtained from Dr. Michael Grusby, Harvard School of Public Health. NGFR expression of infected cells was determined by staining with
Naive CD4 T cells were prepared from lymph nodes as previously biotin-anti-human NGFR (PharMingen) followed by streptavidin-
described (Zhu et al., 2001). The purity of CD4 T cells was usually APC. Cytosolic IL-4 content in stimulated cells was determined as
98%. CD44low, CD62Lhigh cells constituted 90% of the purified previously described (Zhu et al., 2001).
CD4 cells. T-depleted APC were prepared by incubating spleen cells
with anti-Thy1.2 and rabbit complement (Cedarlane Laboratories
RNase Protection Assay and Semiquantitative RT-PCRLimited) at 37C for 45 min and then irradiated at 3000 rad. Naive
Total RNA was isolated using TRIzol (GIBCO-BRL). RNase protec-CD4 T cells were cocultured with irradiated T cell-depleted spleen
tion assays (RPA) were carried out according to manufacturer’scells at a 1:10 ratio in the presence of anti-CD3 (2C11, Harlan, 3
protocol (PharMingen), using multiprobe template sets, mAPO-2	g/ml), anti-CD28 (Harlan, 3 	g/ml), IL-2 (10 U/ml), and different
(Cat. #45354P), mCYC-1 (Cat. #45620P), and mCC-1 (Cat. #45675P).combinations of antibodies and cytokines: for ThN conditions, anti-
For RT-PCR, first strand cDNAs were made using the SuperScriptIL-4 (10 	g/ml), anti-IFN (10 	g/ml), and anti-IL-12 (10 	g/ml); for
Preamplification System (GIBCO-BRL). Semiquantitative PCR wasTh1 conditions, anti-IL-4 (11B11, 10 	g/ml) plus IL-12 (10 ng/ml);
carried out by a serial dilution of the cDNA templates. The primers forfor Th2 conditions, IL-4 (1000 U/ml), anti-IFN (10 	g/ml), and anti-
Gfi-1 were (from 5 to 3) CTGCTACAAGAGGAGGCATCACCTCTTAIL-12 (10 	g/ml). After incubation in IL-2 for 3 additional days, cells
and GGAAGCACAGAACACAGGCTCTAGCTAT. The primers forwere either analyzed by intracellular staining for IL-4 expression or

-actin were (from 5 to 3) GATGACGATATCGCTGCGCTG andfurther stimulated under various conditions.
TACGACCAGAGGCATACAGG. The primers for Gata3 were (from 5
to 3) CTGACTATGAAGAAAGAAGGCATCCAG and AAGTAGAAGGRNA Isolation and Microarray Analysis
GGTCGGAGGAACTCT. The Gfi-1 primers for real-time PCR wereNaive CD4 T cells from BALB/c or Stat6/ mice were activated
(from 5 to 3) AGGAGGCACCGAGAGACTCA and GGGAGGCAGGby plate-bound anti-CD3 (3 	g/ml), anti-CD28 (3 	g/ml) under ThN
GAAGACATC. FAM-labeled Gfi-1 probe was (from 5 to 3) TGAGconditions for 24 hr, washed, and split into two groups, which were
TACCCTGGCAGCCCGCAA. Ribosomal RNA control Reagents forcultured for 2 hr in anti-IL-12 and anti-IFN with IL-4 or anti-IL-4.
TaqMan (VIC Probe) was purchased from PE Applied Biosystems.Total RNA were prepared using TRIzol. Microarray analysis was
carried out through Incyte (previously Genome Systems Inc.) using
the mouse UniGene 1 microarray which contains 9307 genes/
Cell Proliferation and Apoptosis Assay
clusters.
5  106 cells were washed twice in PBS and resuspended in 250
	l PBS; 250 	l freshly PBS-diluted CFSE (2 	M) was added and
Western Blot incubated at room temperature for 10 min; 500 	l additional FCS
Cells (107 per sample) were harvested and lysed with 100 	l lysis was added to stop staining. The cells were then washed three times
buffer (50 mM HEPES [pH 7.0], 1% NP-40, 5 mM EDTA, 450 mM with culture medium. The cell division status of cells was determined
NaCl, 10 mM Na pyrophosphate, and 50 mM NaF) freshly supple- by measuring CFSE fluorescence after certain periods of culture.
mented with inhibitors (1 mM Na orthovanadate, 1 mM PMSF, 10 Apoptosis was measured by annexin-V staining according to the
	g/ml Aprotinin, Leupeptin, Pepstatin) at room temperature for 20 manufacturer’s protocol (PharMingen).
min. After centrifugation at 12,000 rpm for 15 min, supernatants
were mixed with 4 SDS-PAGE loading buffer. The samples were
boiled and separated on 12% pre-made acrylamide gels (Novex) and Acknowledgments
transferred onto Immobilon-P membranes (Millipore). Membranes
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